We analytically derive the energy-bandwidth limit for electro-optic modulators based on intra-cavity index modulation, and propose a dual cavity modulator using coupling modulation to simultaneously achieve high bandwidth (80 GHz) and ultra-low energy-per-bit (0.26 aJ).
Introduction
As optical links progressively evolve to replace electrical wirings at the board and chip levels, power consumption and speed are increasingly becoming the limiting factors to further scale down the length of optical interconnects. One solution to reduce modulation energy consumption is to leverage optical resonant enhancement effects in high-Q cavities to reduce the footprint and thus energy-per-bit of modulator devices. Nevertheless, high-Q also results in long cavity photon lifetime which limits the modulation bandwidth. Performance constraints and scaling laws in resonant optical modulators have been published based on specific material choices and device geometries [1] [2] [3] . Here we present a general, quantitative analysis on the fundamental energy-bandwidth limit of classical ElectroOptic (EO) intra-cavity modulated resonant modulator devices. In the second part of the paper we propose a coupling modulated dual cavity design to overcome the intra-cavity EO modulation limit. The concept of coupling modulation, previously analyzed by several authors [4] [5] [6] , enables modulation rates approaching the micro-ring's free spectral rang (FSR) in theory, which far exceeds the cavity photon lifetime limit. Trade-off between switching energy and modulation frequency at a fixed extinction ratio of 3 dB in classical electro-optic modulators (assuming a 300 pm/V EO coefficient). Ultimate theoretical performance of resonant modulators with different Q-factors (curves) and performance domains attainable in classical EO modulators (yellow) are depicted. Performance of the proposed dual cavity modulator is also plotted for comparison.
The energy-bandwidth limit of intra-cavity modulated EO resonators
Here we would like to derive the theoretical performance limits of resonant modulators rather than a specific class of device architecture; therefore, we examine a generic resonant cavity structure as shown in Fig. 1a . In a high speed modulator, the main switching energy-per-bit contributor is given by ଵ ଶ ଶ , where C is the capacitance of the cavity and V pp is the peak-to-peak full-swing driving voltage. The minimal cavity linear dimension L at wavelength l is constrained by the single-mode condition:
, where n is the refractive index of the cavity material. It is readily verifiable that cavity photon lifetime (~ ps), rather than the exceedingly small RC time constant (~ fs), poses the main constraint on high-speed modulation in the single-mode cavity modulator. Therefore, we model the cavity photon dynamics using the Coupled Mode Theory (CMT). Previous studies indicate that the CMT model, which treats the cavity as a lumped circuit element, generates almost identical results to Sacher's approach [6] when applied to single-cavity modulators [7, 8] . According to the CMT model, time-dependent optical transmittance T(t) of the cavity shown in Fig. 1a 
where Dw pp gives the peak resonance frequency shift. Define f 3dB as the optical 3 dB bandwidth when the extinction ratio rolls off to 3 dB at a given V pp (which is slightly different from the traditionally defined electrical 3 dB bandwidth), we can analytically solve its dependence on cavity Q-factor and the energy-per-bit for modulation. As an example, we assume a cavity material with a refractive index n = 1.5 and a linear EO coefficient r = 300 pm/V (typical values in highly nonlinear EO polymers), and the switching energy per bit is plotted as a function of f 3dB in Fig. 1b at 1550 nm wavelength, with different Q-factors. The yellow region in Fig. 1b corresponds to the performance domain attainable using classical intra-cavity modulators. The minimum energy per bit W lim of classical EO modulators can be derived by fitting the limiting behavior of the curves at their high frequency ends:
Here K is a material constant given by ି ିଶ ଶ at 1550 nm wavelength, where e r is the relative permittivity at the modulation frequency and the material EO coefficient r is given in pm/V. This exceedingly simple result places a lower limit to the switching energy in classical EO resonant modulators.
3. Coupling modulated dual cavity modulator design: beyond the classical limit This classical limit can be overcome if a coupling modulation scheme is adopted, since coupling modulation speed is not bound by the cavity photon lifetime. By exploiting a novel dual cavity modulator design (Fig. 2) and strong sub-wavelength optical confinement in nano-slots, we designed a modulator device which achieves an ultra-low modulation energy of 0.26 aJ per bit, and a 3 dB optical bandwidth of 80 GHz. This ultra-low energy-per-bit figure represents a dramatic three orders of magnitude improvement compared to state-of-the-art EO modulators, and such outstanding energy-bandwidth performance of the dual cavity modulator is well beyond the classical performance limits (Fig. 1b) . The dual cavity modulator also features low insertion loss (< 0.02 dB) and small footprint (~ 10 mm), thus making it an ideal device building block for integrated photonic circuits and switching fabrics.
